The material properties of cement-zero concrete using alkali-activators have been studied extensively as the latest response to reduce the CO 2 exhaust of the cement industry. However, it is also critical to evaluate the behavior of reinforced concrete beams made of alkali-activated slag (AAS) concrete in terms of flexure and shear to promote the applicability of AAS concrete as structural material. Accordingly, nine types of beam specimens with various ratios of tensile steel and stirrup were fabricated and subject to bending and shear tests. The results show that the flexural and shear behaviors of the reinforced AAS concrete members are practically similar to those made of normal concrete and indicate the applicability of the conventional design code given that the lower density of slag is considered. In addition, a framework using the elastic modulus and stress-strain relation from earlier research is adopted to carry out nonlinear finite element analysis reflecting the material properties of AAS concrete. The numerical results exhibit good agreement with the experimental results and demonstrate the validity of the analytical model.
Introduction
The cement and concrete industries count among the primary producers of CO 2 and prediction forecasts that the worldwide consumption of cement will continue to increase yearly by 2.5 to 5.8% during the second and third decades of the 21st century [1] . As an attractive solution to prevent or at least delay the global warming caused by the emission of greenhouse gases, research was implemented worldwide to fabricate cement-zero concrete using slag powder, fly ash, and alkali-activators [2] [3] [4] . Experimental works especially reported that concrete using alkali-activated slag (AAS) instead of blast-furnace slag could develop high early strength higher than 50 MPa even at ambient temperature and resist chemical attack by sulfates [5, 6] .
To date, studies focused essentially on the material properties of cement-zero concrete using AAS like the strength, drying shrinkage, autogenous shrinkage, and durability. For example, Oh et al. [7] studied the autogenous shrinkage of fresh AAS mortar according to the water-to-binder ratio to assess the effect of the rapid alkaline reaction occurring at early age caused by the introduction of large amount of AAS. Collins and Sanjayan [8] compared the workability and equivalent one-day strength of AAS concrete to those of Portland cement concrete at normal curing temperature and reported discrepancies in the mechanical properties like the compressive strength, elastic modulus, flexural strength, drying shrinkage, and creep. Sofi et al. [9] considered six inorganic polymer concrete (IPC) mixes to evaluate the effects of the inclusion of coarse aggregates and granulated blast furnace slag. These authors carried out tests and found out that, in most cases, the engineering properties developed by the IPC mixes compared favorably to those predicted by the relevant standards for concrete mixtures. Atiş et al. [10] applied liquid sodium silicate, sodium hydroxide, and sodium carbonate (SC) at different sodium concentrations to produce AAS concrete mixes and recommended using SC as activator for slag mortar since it could achieve adequate strength and setting times and shrinkage comparable to Portland cement concrete. Using such SC activator, Melo Neto et al. [11] examined the relationship between the hydration, unrestrained drying, and autogenous shrinkage of AAS mortar specimens. These authors reported the critical influence of the amount of activator on the drying and autogenous shrinkages, and the significant contribution of the autogenous shrinkage on the total shrinkage. Besides, Puertas et al. [12] analyzed the behavior of AAS mortars after carbonation. The results indicated that AAS mortars were more intensely and deeply carbonated than Portland cement mortars.
These previous studies gave insight on the adequate mix to achieve AAS mortars exhibiting material properties comparable to Portland cement mortars. However, research shall also be implemented on the elastic modulus, stress-strain relations, and behavior of structural members to exploit AAS concrete as structural material. Recently, Lee and Seo [13] and Choi et al. [14] evaluated experimentally the flexural and shear behaviors of AAS concrete beams but without attempting to model these behaviors at once and analytically.
Accordingly, this study investigates experimentally and analytically the structural behavior of AAS concrete members and intends to verify the applicability of existing cementbased concrete design code to AAS concrete. To that goal, the behavior of reinforced concrete beams made of AAS concrete is evaluated experimentally in terms of both flexure and shear. In addition, the elastic modulus and stress-strain relation of AAS concrete for 50-MPa precast members obtained experimentally are used to perform the finite element analysis of the flexural members and shear members and the numerical results are compared to the experimental data. 3 and maximum size of 19 mm is adopted as coarse aggregate. Two types of alkali-activators that are sodium hydroxide (98% purity) and industrial water glass with SiO 2 = 28.8% and Na 2 O = 9.3% are used to activate the GGBFS. These two products are added to realize Na 2 O = 6.0% and alkali modulus Ms (=SiO 2 /Na 2 O) of 1.0 with respect to the mass of slag. Moreover, polycarbonate superplasticizer is adopted to secure the fluidity of AAS concrete. Table 1 arranges the mix proportions of AAS concrete purposed for 50-MPa precast products and used for the fabrication of the beam specimens. In Table 1 , / stands for water-to-binder ratio, / for fine-to-aggregate ratio, and for water. Table 2 lists the properties of fresh AAS concrete together with the elastic modulus and strength of AAS concrete at 28 days. The compressive strength at 3 days is 32 MPa and the compressive strength and elastic modulus at 28 days are 55.3 MPa and 31.5 GPa, respectively. Figure 1 plots the stress-strain relationship of AAS concrete in compression. The value of 0.003 obtained for the ultimate compressive strain of AAS concrete appears to be similar to that of ordinary Portland cement (OPC). The test results are also compared with the values given by the following analytical model suggested by Thorenfeldt et al. [16] for OPC.
Test Setup

Characteristics of Concrete and Reinforcement.
where c and c are strength and strain of concrete, respectively; cm is peak stress (MPa); cm is strain at peak stress; and = 0.8 + ( cm /17) with = 0.67 + ( cm /62) if c > cm and = 1 if c ≤ cm . Figure 1 shows good agreement of the stress-strain relationship between the test results and the model of Thorenfeldt et al. [16] up to the ultimate strain. However, AAS concrete exhibits more ductile behavior than the analytical model beyond the ultimate strain.
Besides, the tensile reinforcement and stirrup are, respectively, made of steel SD500 and SD400 of which average yield strengths derived from direct tensile test are 499.6 MPa and 419.2 MPa [13, 14] . Tests were performed on 100 × 200 mm cylinders fabricated to examine the stress-strain relation and derive the elastic modulus of AAS concrete.
Test Variables.
For the flexural test, three levels of reinforcement ratio (balanced steel ratio of 76, 58, and 43%) were selected as test variables to examine the flexural behavior of the AAS concrete specimens for 50-MPa precast products. Therefore, 3 types of beam specimens were fabricated. In the specimens, the stirrups (D10) are arranged densely with spacing of 70 mm to prevent shear failure. Moreover, three levels of tensile reinforcement ratio (balanced steel ratio of 76, 58, and 43%) and 2 levels of stirrup spacing ((1/2) , no stirrup) were chosen as test variables of the beam specimens for the shear test. Here, six types of beam specimens were fabricated for the shear tests. Table 3 lists the beam specimens with their designation and corresponding test variables for the examination of the flexural and shear behaviors. Figure 2 shows the reinforcement details and dimensions of the beam specimens. Table 3 gives the detailed dimensions of the specimens. Figure 2 (b) illustrates the layout of the sensors for the measurement of the steel and concrete strains and the center deflection during the loading test. Figure 3 pictures a completed beam specimen installed for loading test. Table 4 lists the crack load, steel yield load, and ultimate load measured in the AAS concrete members during the bending test. All the specimens failed by flexure and the load bearing capacity increased with larger tensile steel ratio. The ratio of the ultimate load to the steel yield load ranges between 1.15 and 1.41. All the specimens exhibit similar crack load because the members were fabricated using the same AAS concrete. Figure 4 plots the load-deflection curves of the flexural members. During the increase of the load, all the specimens develop deflection quasi-proportional to the load. Then, the slope of the curves experiences steep variation after the yielding of the tensile steel. The linear part of the curves especially becomes longer with higher tensile steel ratio. Finally, brittle failure occurs after the ultimate load with steep loss of the load. This indicates that the behavior of the AAS concrete beams depends sensitively on the steel ratio similarly to the beams made of normal concrete with OPC. Figure 5 (a) plots the load-strain curves of the tensile steel in the flexural members. The strain remains minimal under loading smaller than the crack load and increases linearly with larger load beyond the crack load. Moreover, the strain tends to enlarge significantly after yielding of the tensile steel. Figure 5 (b) plots the load-compressive strain curves of concrete in the flexural members. The strain 0 at maximum stress ranges between 0.00250 and 0.00285, and the ultimate strain ranges between 0.00250 and 0.00290. The ultimate strain is relatively smaller than the theoretical value of 0.0038 but the peak strain 0 is comparable to that of the experimental stress-strain curve. Figure 6 compares the ultimate moments of the flexural members to those provided by the following equation. This equation assumes the yielding of steel.
Details of Test Specimens.
Test Results and Discussion
Flexural Behavior of AAS Concrete Members.
where is effective depth of cross section; s is nominal area of reinforced bar; and y is yield stress. Figure 6 shows good agreement between the experimental and computed ultimate moments with the experimental values larger by 3% to 9% than the predictions. This verifies the similar flexural behavior developed by the AAS concrete members and the OPC members.
Shear Behavior of AAS Concrete Members.
Compared to a previous paper presented by the authors of [14] , three additional members were fabricated and tested to complement erroneous data. Table 5 arranges the flexural crack and shear crack loads, the yield loads of the tensile steel and stirrup, and the ultimate loads obtained from the shear failure tests conducted at 28 days on the fabricated specimens. As shown in Figure 7 , shear failure occurred in all the members except specimen S19-0.5d. The distinction between the shear failure and the flexural failure was done considering comprehensively the yielding of the stirrups, the eventual reaching of the ultimate strain by the flexural compressive strain of concrete, and the size of the shear strain of concrete.
The loads generating flexural cracking were similar in the six test members, which is attributable to the use of concrete with the same compressive strength in all the specimens. Besides, the members reinforced with stirrups experienced shear cracking at slightly larger load than the members without stirrup. Moreover, the shear crack load appears to be larger with higher tensile steel ratio. This can be explained by the Dowel action of the tensile steel. In other words, the Dowel action of the tensile steel delays the initiation of shear cracking as much as the tensile steel ratio is large. For the members with stirrups, the yield loads of the tensile steel become larger with higher tensile steel ratio and the ratio of the ultimate load to the yield load of the tensile steel ranges between 1.09 and 1.58. Figure 8 plots the load-deflection curves obtained from the shear test of the beam specimens. All the curves are quasilinear before early cracking and, beyond that point, increase nonlinearly until the ultimate state. It appears that the tensile steel ratio has significant influence on the structural behavior of the beams. The shear behavior of the AAS concrete beam specimens is similar to that of the beams made of normal concrete. The specimens without stirrup especially failed as soon as the ultimate load was attained. Note that the specimens with stirrups experienced brittle failure practically without ductile behavior due to the minimum arrangement of stirrups adopted in this study. This means that, when shear failure occurs in absence of stirrup (specimens S25-0 and S22-0), the member shows common recovery of its resistance to shear owing to the Dowel action even after the first strength degradation. However, specimen S19-0 experienced flexural shear failure instead of pure shear failure due to the Dowel action of the tensile reinforcement. This explains the absence of strength recovery after the loss of early strength. Figure 9 draws the load-strain curves of the tensile steel measured in the shear test specimens. In view of the results presented in Table 5 and Figure 9 , specimens S25-0, S25-0.5d, and S22-0 experienced pure shear failure before yielding of the tensile reinforcement. Specimen S25-0.5d, as the one having the largest arrangement of tensile steel, exhibits small increase of the strain in the tensile steel because the specimen reached the ultimate load following the occurrence of shear failure immediately after yielding of the tensile reinforcement. Specimens S25-0 and S22-0 without stirrup and small arrangement of tensile steel experienced sudden failure before yielding of the tensile steel once the load exceeded the shear strength due to the absence of stirrups.
On the other hand, the other specimens saw their tensile reinforcement deform at shear failure and without increase of the load because shear failure occurred after yielding of the tensile reinforcement. Specimens S22-0.5d and S19-0.5d with relatively small arrangement of tensile reinforcement experienced large deformation after yielding of the tensile steel and finally failed, respectively, through flexure/shear or flexure. Despite the absence of stirrups, specimen S19-0 failed through flexure/shear due to the small amount of tensile steel and developed relatively larger strain than the other specimens without stirrup. Figure 10 plots the load with respect to the flexural compressive strain of concrete measured in the shear test specimens. Specimen S25-0.5d with large amount of tensile steel failed before concrete reached its ultimate strain due to the sudden occurrence of shear failure. Specimens S22-0.5d and S19-0.5d reinforced by stirrups and small amount of tensile steel were the only ones to develop relatively large concrete strain up to 0.0035 because of the following reasons. Specimen S22-0.5d experienced flexural failure at first due to its small amount of tensile steel and finally failed through shear due to its small amount of stirrup. Specimen S19-0.5d experienced flexural failure without shear failure due to its smaller amount of tensile steel. In addition, among the members without stirrup, specimens S25-0 and S22-0 developed small concrete strain due to the sudden occurrence of shear failure. Figure 11 (a) plots the load with respect to the shear strain measured in the stirrups. It appears that the stirrup yielded only in specimen S25-0.5d and not in the other two specimens. This is in agreement with the failure modes listed in Table 5 , which indicated pure shear failure in specimen S25-0.5, flexure-shear failure in specimen S22-0.5d, and flexural failure in specimen S19-0.5d. Besides, specimens S22-0.5d and S19-0.5d that did not experience yielding of their stirrup recorded values of 0.00263 and 0.00262 for the maximum strain of the stirrup, respectively. Accordingly, the stress in the stirrup based upon the uniaxial stress-strain relationship can be estimated to be 419 MPa for S25-0.5d, 367 MPa for S22-0.5d, and 366 MPa for S19-0.5d. Figure 11 (b) plots the load with respect to the principal strain measured in concrete. The members underwent shear cracking at shear strain of 0.000112 (specimen S19-0), 0.000113 (specimen S22-0), and 0.000121 (specimen S25-0). The values of the concrete principal strain were calculated by converting the strain measured by the strain gage rosette (Figure 2(b) ) attached on the right-hand side of the critical section.
ACI 318-08 [17] proposes the following formulae for the calculation of the maximum shear stress V cr of concrete.
Simplified Formula
Elaborated Formula
where ck is compressive strength of concrete; is tensile steel ratio; is shear force at the critical section; is bending moment at the critical section; and is effective depth.
If the compressive strength, steel ratio, shear force, and bending moment are substituted in (3), V cr = 1.19 MPa, and V cr takes values of 1.31 MPa (S19-0), 1.37 MPa (S22-0), and 1.39 MPa (S25-0) when (4) is used.
Assuming the common value of 0.17 for Poisson's ratio ], the shear stress is calculated by multiplying the shear elastic modulus = c /[2(1 + ])] = 14.06 GPa by the shear strain measured in the tests, where the experimental elastic modulus c = 32.91 GPa from Table 2 . The corresponding shear stress becomes 1.58 MPa (S19-0), 1.59 MPa (S22-0), and 1.70 MPa (S25-0). This shows that the principal stress obtained experimentally is slightly larger than that predicted by the design formulae in (3) and (4).
Comparison of Experimental Shear Strength and Design
Values. Table 6 compares the shear strengths obtained from the test with those suggested by the design code. In Table 6 , "Test" indicates the values based upon the loads measured in the test and "Analysis" designates the values computed from the strain measured in the test. Recalling that specimen S19-0.5d failed through flexure, S19-0.5d and S19-0 are discarded because the comparison of the shear strength is meaningless Advances in Materials Science and Engineering for these members. In addition, the experimental shear force corresponds to the sum of the shear force obtained in the test and the self-weight (1.35 kN = 25 × 0.3 × 0.2 × 1.8/2); the shear strength c supported by concrete in the test is half of the ultimate load of the specimens without stirrup (S25-0, S22-0, S19-0); the shear strength c provided by the design code is the result of the application of (2); and the shear strength sustained by the stirrups is calculated by applying s = v y / , where is the stirrup spacing. The values of c in "Analysis" are computed as the product of the principal stress obtained in Figure 11 (b) of Section 3.2 by the crosssectional area of the specimen. The values of s in "Analysis" are calculated as the product of the strain in the stirrup obtained in Figure 11 (a) of Section 3.2 by the cross-sectional area of the reinforcement.
The ratio of the experimental value to the value predicted by the design code (Test( u )/Code( n )) ranges between 1.00 and 1.27 and that of the experimental value to the analytic value calculated from the experimental strain (Test( u )/Analysis( n )) ranges between 1.00 and 1.26, which indicate that the analysis provides values larger by maximum 26% and the similarity between the predictions of the design and the analysis.
Finite Element Analysis
Method of Analysis.
The numerical analysis was carried out using the nonlinear finite element program, RCAHEST, developed by Kim et al. [15] . The analysis models consist of a compression, tension stiffening, and shear transfer model for concrete and a model for embedded reinforcing steel. The concrete-reinforcement bond interaction is considered in both the tension stiffening model for concrete and the model for reinforcement. An earlier study [18] demonstrated that the above-mentioned analysis model agreed reasonably with the experimental data. 
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Material Models for Reinforced Concrete.
The nonlinear stress-strain relation of a reinforced concrete (RC) in-plane element is formulated based on the concept of space averaging on the control volume. The cracks and reinforcing bars are idealized as being distributed over the entire element. Although the local behavior of the cracked RC is not uniform, in practical terms it can be treated as a continuum having quasi-uniform stress and strain fields in a finite region. The material models aim to describe the overall behavior of a structure rather than a specific local behavior at the element level. In this paper, the term "crack" explicitly refers to the macrocrack perpendicular to the principal tensile direction.
According to the cracking criteria, the analysis models are divided into models before and after the initiation of cracks, as shown in Figure 12 . The material model for concrete prior to cracking is based on the elastoplastic fracture model [19] given in Figure 13 . The local coordinate systems of reinforcing bars are always assigned with respect to each bar axis, but those of cracked concrete are determined according to the current major crack plane. Once a smeared crack is initiated, it is treated as fixed in a direction, and anisotropy is introduced. As loading step proceeds, the principal direction of the average stress can be changed, and the consequent shear transfer model is involved in the constitutive law. Figure 14 compares the experimental and analytical load-displacement curves for specimens F25, F22, and F19. The analytical results are in relatively good agreement with the experimental values and indicate the validity of the analytic model. However, for F25 with the largest tensile ratio considered in this study, the test specimens exhibit slight brittle failure compared to the analytical prediction. The initial slope of the experimental curves is on the whole smaller than that of the analytical curves. The different initial slopes of the analytical and experimental results can be attributed partially to the stiffness adopted in the analytical model of the members and some experimental error. Moreover, the early completion of the tests explains the different maximum deflections of the analytical and experimental results. In fact, larger deflection would have been measured in the members that experienced failure through flexure but the tests were interrupted prematurely due to limitations in the capacity of the testing equipment and for the sake of safety. Figure 15 compares the experimental and analytical load-displacement curves of the shear test specimens. The analytical results are in relatively good agreement with the experimental values for the specimens with stirrups. Here also, slight difference in the initial slope occurred as explained above in Section 5.1. Specimen S25-0.5d experienced sudden brittle failure due to the clear occurrence of shear failure. Values near the maximum load could not be measured because of the delay in the acquisition of the data. Besides, the specimens without stirrup showed smaller maximum loads in the test than those of the analysis. However, considering the large experimental errors that are generally observed in the shear test of specimens without stirrup, the results presented here demonstrate to some extent the good execution of the tests performed in this study.
Comparison of Experimental and Analytical Results
Flexure.
S25-0.5d-Test S25-0.5d-Analysis S22-0.5d-Test S22-0.5d-Analysis S19-0.5d-Test S19-0.
Shear.
Here also, the early ending of the tests explains the different maximum deflections of the analytical and experimental results. The members without stirrup in Figure 15 (b) experienced sudden failure but the tests were interrupted prematurely due to limitations in the capacity of the testing equipment and for the sake of safety. In addition, it is extremely difficult to measure precisely the behavior of the members without stirrup after the ultimate state when the failure test is conducted using an actuator and through displacement control. On the other hand, the similarity of the experimental and analytical maximum deflections observed in Figure 15 (a) was achieved because the members suffered shear failure and reached a state close to their ultimate state at the completion of the tests thanks to the presence of stirrups.
Conclusions
This study evaluated experimentally and analytically the structural behavior of reinforced concrete beams made of AAS concrete. The following conclusions can be drawn from the results.
(1) The elastic modulus and the strain at maximum stress of AAS concrete were slightly smaller than those predicted for normal concrete. This difference could be explained by the reduction in the unit mass of AAS concrete caused by the smaller density of slag compared to cement. Further study shall propose adequate models for the elastic modulus and stressstrain relation of AAS concrete.
(2) The test results of the flexural members showed that the ratio of the ultimate load to the yield load of steel ranged between 1.15 and 1.41 and the load bearing capacity improved with higher tensile steel ratio. The flexural behavior of the reinforced AAS concrete members appeared thus to be very similar to that of the reinforced concrete beam made of normal concrete because the reinforcing bars govern the flexural behavior of the members. A nonlinear flexural analysis model was proposed using the elastic modulus and stress-strain relation of AAS concrete.
The analytical results were in good agreement with the experimental results and demonstrated the validity of the analytical model.
(3) The experimental shear strength obtained for the members without stirrup was significantly higher than that predicted by the design code, which indicated the conservativeness of the design code. The shear behavior of the reinforced AAS concrete members varied according to the amount of tensile steel.
(4) In view of the finite element analysis results reflecting the nonlinear model of AAS concrete used in previous studies, the flexural and shear behaviors of the AAS concrete specimens were in relatively good agreement with those predicted analytically.
(5) Consequently, the test results show that the flexural and shear behaviors of the reinforced AAS concrete members are very similar to those of the reinforced concrete beam made of normal concrete and render it possible to apply conventional design code for flexure and shear in the design of reinforced AAS concrete members. Further studies are required for the practical use of AAS concrete since this experimental study was limited to specimens with specific dimensions.
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